Neurogenesis in the adult brain has been a field of growing interest. There are two neurogenic niches in the mammalian adult brain: subgranular zone (SGZ) of the hippocampus and the subventricular zone (SVZ), producing new neurons that use the rostral migratory stream (RMS) to reach olfactory bulb (OB). Cells in these two discrete regions retain the capacity to generate multiple lineages in vitro and in vivo. Thus far, the mechanisms involved in the regulation of these cells have not been well elucidated, once the underlying cellular signaling mechanism is not fully understood. The aim of this work is to collect the most recent papers published in this field to elucidate the signaling pathways involved in the adult "up" and "down" neurogenesis. The most cited pathways included directly or indirectly associations with neurotrophins and transcription factors. This work provides a schema showing the outline from "macro" to "micro" signaling for neurogenesis in the SGZ of the hippocampus. It also includes a session linking neurogenesis to the pathophysiology of mood disorders and stress-related cognitive dysfunctions. Further characterization of these molecular components could provide greater insight into the mechanisms involved in the regulation of neurogenesis in the adult brain.
Introduction
Neurogenesis, a process of generating functionally integrated neurons from progenitor cells, was traditionally believed to occur only during embryonic stages in the mammalian central nervous system (CNS). Nowadays, it is well demonstrated that new neurons can be integrated in the mature CNS throughout life. Adult neurogenesis in the mammalian brain is generally considered as an active process encompassing the proliferation and cell fate specification of adult neural progenitors, and their subsequent differentiation, maturation, migration and functional integration into the existing neuronal circuitry [1, 2] .
Traditional Neurogenic Niches
In the intact adult mammalian CNS, active neurogenesis occurs in two discrete "neurogenic" regions: the subgranular zone (SGZ) of the dentate gyrus (DG) in the hippocampus (see Figure 1 ) and the subventricular zone (SVZ) of the lateral ventricles in the forebrain. Evidence has shown that the hippocampus is able to generate new neurons (i.e. neurogenesis) throughout the lifespan of mammals, including humans, changing our opinion about mechanisms underlying effects of current drugs [1, 3] . The SGZ of the DG of the hippocampus is one of the two major sites of neurogenesis in the adult brain, along with the SVZ that continuously feeds new bulbar interneurons to the olfactory lobe via the rostral migratory stream [2] .
The granule cell layer of the dentate gyrus of the SGZ in the in the adult brain contains neural progenitor cells (NPCs) capable of generating new neurons daily. These newborn neurons integrate into the existing circuitry. Moreover, the time-course of maturation of newly generated neurons in the DG is generally consistent with the delayed onset of therapeutic effects of current pharmacological treatment. The most compelling evidence linking adult hippocampal neurogenesis with antidepressants comes from recent studies that demonstrate suppression of hippocampal neurogenesis in the depressive disorder [4, 5] .
The demonstration of active adult neurogenesis also opens possibilities to repair the adult CNS after injury or degenerative neurological diseases using cell replacement therapy in the near future. Furthermore, the hippocampus, as an integral component of the limbic system, is a focus of depression research and appears to serve as a primary site of action for antidepressants that inhibit pathological hyperactivity [6] . However, there is evidence suggesting that antidepressants can stimulate hippocampal activity and induce hippocampal neurogenesis noted through behavioral responses. Moreover, excitatory hippocampal neurons are injured by chronic stress and animal models have proven useful in identifying molecular and cellular markers relevant to depression [6] .
Adult mammalian SVZ NPCs retain the capacity to generate multiple lineages in vitro and in vivo [7] . Thus far, the mechanisms involved in the regulation of these cells have not been well elucidated, once the underlying signaling mechanism is not fully understood.
Adult neurogenesis in the DG of the hippocampus has gained considerable attention as a cellular substrate for both the pathophysiology and treatment of depression [5] .
Furthermore, in the adult brain, loss of neurogenic potential can lead to cognitive deficits and in combination with neural death can even contribute to progressive neurodegenerative disease [8] . Adult hippocampal neurogenesis plays an important role in learning and memory processes and its abnormal regulation might account for cognitive impairments associated with Alzheimer Disease and other dementia [9] .
The aim of this study is to contribute to elucidate the underling biomolecular mechanisms of up-and downneurogenesis processes, identifying pathways that regulate progenitor cell proliferation and to define a set of transcripts that can be used as molecular tools in the drug discovery process [7] . The significance of these discoveries is presented in the context of human brain disorders and how this knowledge could contribute to pharmacotherapeutic interventions targeting signaling aimed at treating such diseases. Unraveling these precise molecular genetic networks is crucial to understanding how neural stem and progenitor cells function [8] . We processed a review in the recent literature, using neurogenesis, hippocampus, subventricular zone (SVZ), signaling, pathway, adult neurogenesis, as searching words in PUB-MED database. Only papers published from 2006 to date were included. The first explore returned two hundred sixty seven papers. The abstracts were further analyzed and 26 articles were finally selected to this minireview.
Micro: Signaling Pathway: Up-and Down-Neurogenesis
The adult SVZ contains neural stem cells (NSC) that generate neuroblasts migrating to the olfactory bulb (OB) and differentiating into interneurons. The molecular cues controlling essential functions within the neurogenesis pathway such as proliferation, short and long distance migration, functional integration and cell survival are poorly understood [10] . It is well established that there are pathways that regulate up-and down-neurogenesis. Below we quote the molecular mechanisms associated to this property of the CNS, showing the most recent works in this field of research.
Cell Signaling Molecules

Plasticity molecules
To analyze the role of neural cell adhesion molecule (NCAM) in brain plasticity, Aonurm-Helm and colleagues (2008) used a NCAM-deficient (NCAM−/−) mice exhibiting depression-like behavior and reduced adult neurogenesis in the dentate gyrus, with reduced levels of the phosphorylated cAMP response element-binding protein (pCREB) in the hippocampus. They used a treatment with a peptide termed fibroblast growth loop (FGL), derived from the NCAM binding site for the fibroblast growth factor (FGF) receptor, what was able to reverse the depression-like signs in NCAM−/− mice. The FGL administered acutely or repeatedly reduced depression-like behavior in NCAM−/− mice, enhanced survival of the newly born neurons in NCAM−/− mice and increased the levels of pCREB in both NCAM+⁄+ and NCAM−/− mice. In conclusion, this study has demonstrated that NCAM deficiency in mice results in a depression-like phenotype which can be reversed by the acute or repeated administration of FGL. The results also suggest a role of the deficit in NCAM signaling through the FGF receptor in depression [11] .
Transcriptions factors A review study showed a set of transcription factors, secreted molecules and plasma membrane markers that are differentially regulated during differentiation [7] . Pathway analysis in this work highlights alterations in insulin growth factor (IGF), Wnt and transforming growth factor b (TGF-B) signaling cascades.
In the established adult rat neural stream cell (NSC) culture, fibroblast growth factor-2 (FGF-2) promotes selfrenewal by increasing proliferation and inhibiting spontaneous differentiation of adult NSCs, accompanied with activation of MAPK (Mitogen-activated protein kinase) and PLC (Phospholipase C) pathways. Using a molecular genetic approach, Ma and collaborators (2009) demonstrated that activation of FGF receptor 1 (FGFR1), largely through two key cytoplasmic amino acid residues that are linked to MAPK and PLC activation, suffices to promote adult NSC self-renewal. They showed that canonical MAPK, Erk1/2 (extracellular signal-regulated kinases) activation, is both required and sufficient for the NSC expansion and anti-differentiation effects of FGF-2. In contrast, PLC activation is integral to the maintenance of adult NSC characteristics, including the full capacity for neuronal and oligodendroglial differentiation. This study revealed two amino acid residues in FGFR1 with linked downstream intracellular signal transduction pathways that are essential for maintaining adult NSC self-renewal [12] .
Transcription factors are crucial in orchestrating the correct cell-specific and temporal expression of all factors involved in these signaling networks. Aberrant expression of these factors can lead to abnormal brain development if this occurs during embryogenesis [8] . The transcription factor CREB has been implicated in signaling pathways relevant for pathogenesis and therapy of depression. CREB is up regulated and activated in the hippocampus by chronic antidepressant treatment, similarly as neurogenesis [13] .
Another work, using an ablated CREB-pathway neurogenic lineage, showed that loss of CREB signaling resulted in increased cell death and loss of expression of the neurogenic transcription factor Pax 6, and of a subset of neuronal proteins in migrating neurons of the RMS [14] . Moreover, post-migratory neurons in the OB displayed impaired dendritic development. These results demonstrate an essential role for CREB signaling in maturation of newborn neurons in the OB and uncover a novel role for CREB signaling in the survival and maintenance of neuronal gene expression during the early stages of SVZ/OB.
Fiorentini and others (2010) used a double transgenic (Tg) CRND8 mice (over expressing the Swedish and Indiana mutations in the human amyloid precursor protein) that shows a decreased neurogenesis in the SGZ of Tg mice compared to non-Tg mice. The decrease of hippocampal neurogenesis was accompanied by behavioral deficits and worsened with age and pathology severity. The differentiation into neurons and maturation of the proliferating cells were also markedly impaired in the Tg mice. Lithium treatment to Tg mice significantly stimulated the proliferation and neuron fate specification of newborn cells and fully counteracted the transgene-induced impairments of cognitive functions. The drug, by the inhibition of GSK-3b (Glycogen synthase kinase-3b) and subsequent activation of Wnt/β-catenin signaling promoted hippocampal neurogenesis. Finally, the data showed that the lithium's ability to stimulate neurogenesis and cognitive functions was lost in the aged Tg mice, thus indicating that the lithium-induced facilitation of neurogenesis and cognitive functions declines as brain Ab deposition and pathology increases [9] .
Activity requires soluble amyloid precursor protein (sAPP) to enhance neurite outgrowth of young neurons differentiating from neural stem cells. Inhibition of sAPP secretion and anti-APP antibodies both abolished the effect of depolarization on neurite outgrowth, whereas exogenous sAPPa, similar to depolarization, induced neurite elongation. Depolarization and sAPPa both required active N-methyl-d-aspartic acid receptor (NMDAR) and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) recruitment to induce neurite outgrowth. However, depolarization and sAPPa played different roles in modulating this signaling cascade. Depolarization induced ERK phosphorylation with fast kinetics via activation of NMDAR. By contrast, acute application of sAPPa did not lead to ERK activation. However, continuous generation of sAPPa was necessary for depolarization-induced ERK phosphorylation, indicating that sAPPa promotes MAPK/ERK recruitment by an indirect mechanism. In addition, they found that blockade of NMDAR down-regulated APP expression, whereas depolarization increased sAPPa, suggesting that activity may also act upstream of sAPP signaling by regulating the amount of cellular APP and extracellular sAPPa. Finally, they showed that soluble amyloid precursor-like protein 2 (sAPLP2), but not sAPLP1, is functionally redundant to sAPP in promoting neurite outgrowth and that soluble members of the APP family require membranebound APP to enhance neurite outgrowth [15] .
Cultured adult neural stem cells express a considerable variety of nucleotide receptors and that nucleotides and epidermal growth factor (EGF) induce converging intracellular signaling pathways that carry potential for synergism in the control of neural stem cell proliferation and cell survival. They investigate the role of EGF and the nucleotides ATP (Adenosine triphosphate), ADPbS (adenosine 5-(β-thio) diphosphate) and UTP (Nucleoside triphosphate) in neural stem cell migration. Nucleotides and EGF induce the formation of stress fibres, an increase in the cortical actin cytoskeleton and in cell spreading. This is associated with increased phosphorylation of Akt (Protein Kinase B -PKB) and focal adhesion kinase. Nucleotides and EGF acting as paracrine or autocrine signaling substances can be of relevance for structuring and maintaining the cytoarchitecture of the SVZ and the stream of neuroblasts migrating to the OB [10] .
The insulin-like growth factor receptor type 1 (IGF1R) signaling pathway is activated in the mammalian nervous system from early developmental stages. Its major effect on developing neural cells is to promote their growth and survival. This pathway can integrate its action with signaling pathways of growth and morphogenetic factors that induce cell fate specification and selective expansion of specified neural cell subsets. This suggests that during developmental and adult neurogenesis cellular responses to many signaling factors, including ligands of Notch, Copyright © 2013 SciRes. JBBS A. C. NUNCIATO ET AL. 492 sonic hedgehog, fibroblast growth factor family members, ligands of the epidermal growth factor receptor, bone morphogenetic proteins and Wingless and Int-1, may be modified by co-activation of the IGF1R. Modulation of cell migration is another possible role that IGF1R activation may play in neurogenesis [16] . Bateman and McNeill (2006) demonstrated that IR/ IGF1r null animals show defects in CNS development. The mechanism of action by which insulin/IGF-stimulated differentiation may occur through activation of the Ras/MAPK pathway. The contribution of insulin/IGF signaling to neurogenesis may be context and/or cell type specific; however, the importance of fine spatiotemporal control of neuronal differentiation means that understanding the role of this pathway is of major importance. Small alterations in the wiring of the brain can have profound consequences on function, and there are abundant data to suggest that the cues for axonal guidance alter over developmental time. To generate a structure of such intricacy as the brain, growth and differentiation must be coordinated, and the insulin/IGF signaling pathway appears to have just such a function [17] . Insulin/IGF signaling has a conserved role in both proliferation and neuronal differentiation.
Wnt-β-Catenin or Canonical and Non-Canonical Wnt Signaling Pathway
Wnt signaling is involved in the development of the brain and spinal cord, therefore little is known about the roles of Wnt in the adult nervous system and implicated in the effects of exercise, sensory deprivation and ageing on the CNS [1, 18] .
GABA (γ-Aminobutyric Acid)
The GABA-induced excitation via GABAA receptor activation mediated depolarization regulates synaptic development of young neurons. Thus in newly generated granule neurons in the adult dentate gyrus, providing evidence that GABA drives synaptic integration of newborn neurons in adults. Whereas, there are diverse roles of GABA, seem to depend on cell-intrinsic properties and on extrinsic factors, from proliferation, migration, synaptogenesis and circuit formation [19] .
Neurotrophin
Neurotrophins (NTs) are a family of trophic factors critical for the survival and development of neurons within the peripheral and central nervous systems. Members of the family include the prototypic member nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), NT-3 and NT-4/5 in mammals, and NT-6/7 in fish species. The actions of NTs are mediated by tropomyosinreceptor-kinase (Trks), a family of receptor tyrosine kinases and p75, the low affinity NT receptor. Binding of NTs to Trk receptors such as TrkA, TrkB, or TrkC induces rapid tyrosine phosphorylation of the receptors, resulting in their trans-activation and thereby activating multiple intracellular signal transduction pathways including Ras/ MAPK (RAt Sarcoma/mitogen-activated protein kinase), phosphatidylinositol 3-kinase (PI3K) and phospholipase C. Strikingly, some examples of genes regulated by either NGF or cAMP (Cyclic adenosine monophosphate) including ephexin 1, G-protein-coupled receptor 50, prepronociceptin, voltage-gated sodium channel type 6-polypeptide, corticotrophin-releasing hormone, secretin receptor, tachykinin 1, annexin A1, and bradykinin receptor B2 showed comparable levels of regulation, suggesting that these NGF-induced genes could be induced through a cAMP-dependent pathway [20] .
Endocannabinoid Pathway
The endocannabinoid system is a neuromodulatory system in the brain and pharmacological enhancement of neurotransmission involving endocannabinoid has been shown to inhibit stress-induced activation of the hypothalamus-pituitary-adrenal (HPA) axis. Moreover, inhibition of endocannabinoid reuptake exhibits antianxiety and antidepressant properties and suggest that this system may act as a buffer in the stress response. Recent evidence, both in vitro and in vivo studies, have indicated that activation of CB1 (cannabinoid type 1) receptors facilitates cell proliferation and neurogenesis in the hippocampus, furthermore, can suppress the neuroendocrine response to stress [21] . Recently shown that chronic Δ9-Tetrahydrocannabinol (THC) administration in females, adolescent rats induces subtle but lasting alterations in the emotional circuit ending in depressive-like behavior at adulthood, for example, increased immobility in the forced swim test, decreased sucrose preference, suggestive of anhedonia, and a deficit in spatial working memory. Note also at the level cellular, increased and decreased activation in the nucleus accumbens and hippocampus, respectively. Thus suggests the hypothesis that reduction in CB1 receptor signaling in the amygdala, nucleus accumbens and in the ventral tegmental area reduced activity of the endocannabinoid system could predispose to depression [22] .
The endocannabinoid system participates in the regulation of physical activity, although its role is not yet fully understood. A recent work studied the impact of endocannabinoid signaling on voluntary wheel running in mice and discussed potential mechanisms involved such as hippocampal neurogenesis. Endocannabinoids might be involved most likely via CB1 receptors [23] .
Macro: Stress and Depression
sociated with stress related disorders, including major depression [25] . A number of environmental stimuli, such as social stress, lead to a downregulation of neurogenesis and cognitive functions [24] . Excess of glucocorticoids triggers some pathological events that may be reduce dendritic arborization in hippocampal neurons and can also cause hippocampal dentate gyrus neuronal death. This link between hypothalamic-pituitary-adrenal (HPA) axis and hippocampal atrophy may shed new lights into the pathophysiology of mood disorders and stress-related cognitive dysfunctions. Furthermore, the canonical Wnt pathway may be effective in preventing hippocampal damage asFurthermore, the psychosocial stress reduces the proliferation of hippocampal NSCs and the survival of newly born neurons in the hippocampus. Likewise, conditions that suppress hippocampal neurogenesis, such as, have been linked to amplified depressive-like behavior and/or cognitive dysfunction as result of unpredictable chronic stress (UCS) or increased levels of stress hormones. However, stress and glucocorticoids are among the most potent inhibitors of neurogenesis in the adult dentate gyrus [6] .
There are two types of corticoid receptors, type I or mineralocorticoids receptors (MR) and type II or glucocorticoids receptor (GR). GR has been found as a common mechanism for stress dependent changes in brain function and a potential target of antidepressant drugs. The glucocorticoids signaling appear to be involved both in up-and down-neurogenesis in the hippocampus [26] . The excessive glucocorticoid signaling participates of the reduction of neurons in the hippocampus, while the antidepressant treatment is also involved with this signaling. Considering the critical role of the GR in HPA axis hyperactivity and in mediating the effects of glucocorticoids on brain plasticity and mood, it is not surprising that the GR has been found to be a common mechanism for stress dependent changes in brain function and a potential target of antidepressant drugs [26] .
However, in some animal models of mild or moderate stress was noted the opposite effects of severe stress. Thus, there was an increase in neurogenesis, as well as decreased anxiety and depressive behavior, and an improvement in spatial memory retention, absence of the neuroinflammation and neurodegeneration [27] .
There is considerable evidence for a cyclic AMP (cAMP)/protein kinase A (PKA) dependent mechanism of GR regulation. PKA induces GR-transactivation in cells that lack endogenous cAMP response element binding protein (CREB) [26] .
The neurogenesis hypothesis of depression postulates that a decrease in the production of newborn granule cells in the dentate gyrus of the hippocampus is related to the pathophysiology of depression and that enhanced hippocampal neurogenesis is required for the behavioral effect of antidepressant treatments [5] .
Antidepressants not only alleviate depressive symptoms and normalize HPA axis hyperactivity, they also protect from neuronal cell death and from reduction in adult hippocampal neurogenesis. These neuroprotective effects have been suggested to be mediated, at least in part, by elevated BDNF levels upon antidepressant treatment [26] . The antidepressants increase human hippocampal NPCs and angiogenesis selectively in the DG [28] .
In the last two decades, several studies demonstrated that the stimulation of adult cell proliferation and neurogenesis in the DG is regulated by genetic and epigenetic factors. Indeed, in the hippocampus, BDNF has been extensively shown to be increased in response to exercise. In adult neurogenesis the Ras-mediated extracellular signalregulated cascade (ERK) pathway and endogenously regulated Ras is coexpressed with permanently activated Ras in neurons is considered as a major BDNF/TrkB intracellular signaling pathway in neurons leading to enhanced morphological differentiation and survival of mature neurons [24] .
Closing Remarks and Future Directions
It is known that activity modulates neuronal differentiation in the adult brain but the signaling mechanisms underlying this process remain to be identified. The findings in this work provide novel insights into the molecular mechanism regulating adult neural stem cells self renewal, and pose implications for using this information in potential therapeutic applications.
In this work, the role of CREB in this signaling was highlighted. CREB (cAMP response element-binding) is a cellular transcription factor and it binds to certain DNA sequences called cAMP response elements (CRE), namely positive and negative regulators of gene transcription which include neurotrophin, BDNF, tyrosine hydroxylase, and many neuropeptides (such as somatostatin, enkephalin, VGF, and corticotropin-releasing hormone). Increases in the concentration of either calcium or cAMP can trigger the phosphorylation and activation of CREB. This transcription factor is a component of intracellular signaling events that regulate a wide range of biological functions in neuronal plasticity, long-term memory formation in the brain, spermatogenesis to circadian rhythms. At the end of the post-synaptic stimuli such as activation of receptors Trks, NMDAs and FGF, as well as calcium channels and stress, all culminate in ways that lead to the nucleus and thus phosphorylate the transcription factor, CREB, as can be seen in Figure 1 .
Overall, the studies of adult neurogenesis are still in their infancy, because most of them explore only one stage of this process. Importantly, given the built-in homeostatic mechanisms that act at each stage during the progression from stem cells to mature neurons (proliferation, differentiation, maturation, survival), it is very difficult to extrapolate the efficiency of a drug on adult neurogenesis from analysis of one stage alone. Here, we review the most significant data on adult neurogenesis, and it is important to study each stage of this process [5] .
Further characterization of the molecular components could provide greater insight into the mechanisms involved in the regulation of neurogenesis in the adult brain. The challenge for the future is to understand molecularly how proliferation and differentiation are coordinated by a single pathway [17] .
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